Background: C5 nerve palsy is a known complication of cervical spine surgery. The development and etiology of this
T reatment for stenosis of the cervical spine canal typically includes surgical decompression and/or stabilization [1] [2] [3] [4] [5] . Cervical spine surgery can be associated with complications, some of which are serious and not well understood. For example, C5 nerve palsy remains a complication of these surgical procedures and may result in muscle weakness, brachialgia, numbness, and patient dissatisfaction [6] [7] [8] . A large retrospective review demonstrated that the rate of C5 nerve palsy was 6.7% for all patients undergoing decompressive surgery at the C5 level 9 . Many studies have evaluated the etiology of the development of C5 nerve palsy and possible modifications to prevent this operative complication 6, 10, 11 . Causes of postoperative C5 palsy include posterior drift of the cord, reperfusion injury, brachial neuritis, thermal injury associated with the use of the high-speed burr, loading of the spine in the prone position, and overgrowth of the superior articular process 6, [12] [13] [14] [15] .
Other investigators have noted that this complication is not isolated to C5, and in fact C6 to C8 palsies have been associated with impairment of the respective nerve roots after laminoplasty 1, 11, [13] [14] [15] [16] .
A recent report indicated that open-door
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laminoplasty was associated with an increased risk for the development of segmental motor paralysis as compared with doubledoor laminoplasty 17 . The theory was that the asymmetric opening and subsequent rotation of the spinal cord in the open-door group led to increased nerve root tension and the development of a palsy.
The purpose of the present study was to identify whether spinal cord rotation was a predictor of postoperative C5 nerve palsy.
Materials and Methods
T his study is a retrospective review of prospectively collected spine registry data as well as magnetic resonance imaging (MRI) data. Data were obtained from the University of Massachusetts Spine Center, which has an in-house registry that collects data including the Neck Disability Index (NDI) 18 and Short Form-36 (SF-36) 19 scores for all patients who are managed at the center.
We reviewed the records of 203 patients who presented to one of three academic spine surgeons in the years 2006 to 2009 and who had degenerative disorders of the cervical spine that were treated with primary anterior cervical decompressive surgery from C4 to C6. The registry data were reviewed for demographic characteristics, comorbidities, symptoms, functional outcome scores, and MRI measurements. Twenty-seven patients were excluded from the study because of missing information. C5 nerve palsy in this study was defined as a manual muscle testing score of £3 on a scale of 5 by the attending spine surgeons, who were blinded to other variables in the study. We used three MRI measurements, which included the cross-sectional area for the spinal cord, the space available for the cord (as indicated by the anterior-to-posterior diameter at the widest portion of the canal), and rotation of the spinal cord relative to the vertebral body and canal (as indicated by the difference between the degree of rotation of the vertebral body and the degree of rotation of the spinal cord). For our analysis, we classified patients into three types, with Type 1 indicating mild rotation (0°to 5°), Type 2 indicating moderate rotation (6°to 10°), and Type 3 indicating severe rotation ( ‡11°). All measurements were obtained at the site of surgical decompression. These measurements were selected as a means of characterizing the amount of compression and displacement that affected the spinal cord within the canal. Postoperative C5 nerve palsies were correlated against all preoperative variables. Figures 1-A, 1 -B, and 1-C depict the three measurements we used for this study. The observer performing the measurements was blinded to the outcomes and the preoperative variables. All measurements were made in triplicate, and the measurements were averaged. To control for intraobserver bias, Observer 1 then repeated measurements for twenty patients who were chosen at random. A second observer then recorded measurements for those same twenty patients to test for reproducibility. All magnetic resonance images were made with use of a commercially available Siemens Magnetom Symphony 1.5-T MRI machine (Siemens Medical Solutions, Malvern, Pennsylvania). All measurements were made on T2-weighted axial images with use of iSite Philips Global PACS (picture archiving and communications system) (version 3.5.86.0; Philips Healthcare, Andover, Preoperative T2-weighted axial MRI at the C4-C5 disc space, depicting the measurements of the area for the cord ( Fig. 1-A) , the space available for the cord ( Fig. 1-B) , and rotation of the cord with respect to the vertebral body ( Fig. 1-C) . In Figure 1 -A, the area within the yellow outline defines the perimeter of the spinal cord. In Figure 1 -B, the yellow line indicates the anteroposterior canal space from the middle of the posterior vertebral body to the anterior aspect of the lamina in the center of the spinous process.
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Massachusetts). These images were made with a fast-spin-echo sequence with an echo train length of 18, bandwidth of 31.25 Hz, TR of 3400 ms, 47 TE of 102 ms, FOV of 18 mm, matrix of 256 · 256, NSA of 3 NEX, slice thickness of 3 mm, slice gap of 0.5 mm, and scan acquisition time of two minutes and forty seconds.
Source of Funding
There was no funding source for this investigation.
Results

T
he mean age (and standard deviation) of the 176 patients was 49.76 ± 11.47 years (range, twenty-two to seventyeight years). The average body mass index (BMI) was 28.62 ± 5.51. Sixty-six of the 176 patients smoked, fourteen were diabetic, and ninety-eight were employed. The mean preoperative values for the NDI, SF-36 physical component summary score (PCS), and SF-36 mental component summary score (MCS) were 49 (range, 17 to 83), 30 (range, 13 to 62), and 43 (range, 9 to 64), respectively. The mean duration of symptoms prior to surgery was eighteen months. Axial neck pain was present in 144 of the 176 patients, and radiculopathy was present in 125 of the 176 patients. Bilateral radiculopathy was present in thirtyseven of the 176 patients, and sixty-seven of the 176 patients were myelopathic. The prevalence of postoperative C5 nerve palsy was 6.8% (twelve of 176). C5 palsy was recognized at a mean of 1.7 days (range, zero to ten days) postoperatively. Specifically, four patients had C5 nerve palsy on Postoperative Day 0; four, on Postoperative Day 1; one, on Postoperative Day 2; one, on Postoperative Day 3; one, on Postoperative Day 4; and one, on Postoperative Day 10. The mean values for the cross-sectional area for the cord, the space available for the cord, and the rotation of the cord were 1.5 ± 0.4 cm 2 , 9.6 ± 1.8 mm, and 2.8°± 3.0°, respectively.
All patients with C5 nerve palsy had at least 6°of cord rotation. Ninety-seven percent of patients without palsy had <6°o f cord rotation, and only 3% of patients without palsy had ‡6°of cord rotation (Table I) . For our analysis, we classified patients into three types, with Type 1 indicating mild rotation (0°to 5°), Type 2 indicating moderate rotation (6°to 10°), and Type 3 indicating severe rotation ( ‡11°). C5 nerve palsy developed in zero of 159 patients in the Type-1 group, eight of thirteen patients in the Type-2 group, and four of four patients in the Type-3 group. A significant association was detected between the severity of cord rotation (0°to 5°versus 6°to 10°v ersus ‡11°) and palsy (point-biserial correlation = 0.94; p < 0.001). To confirm that cord rotation was an independent predictor of postoperative C5 nerve palsy, a logistic regression with all of our predictors (age, sex, body mass index, employment status, tobacco use, diabetes mellitus, NDI, SF-36 PCS, SF-36 MCS, duration of symptoms, cross-sectional area for the cord, space available for the cord, and rotation of the cord) was done. That initial model was not estimable because of complete separation of the data points, meaning that the model predicted the outcome too successfully for maximum likelihood procedures. In other words, the maximum likelihood solution did not exist when all of these predictors were considered. The model was then used with all of the predictors except the rotation variable. In that model, none of the variables significantly predicted C5 palsy (p > 0.05 for all). Finally, logistic regression with just the rotation variable as a predictor significantly predicted palsy (odds ratio = 9.58; p < 0.05), confirming that rotation of the cord was an independent predictor of C5 palsy above and beyond the other variables.
The patients who developed a C5 palsy had a mean rotation of the cord of 10.3°± 3.5°, whereas the patients without C5 palsy had a mean rotation of the cord of 2.1°± 1.5° (Fig. 2) . We determined the diagnostic efficiency of the cutoffs of 6°and 11°of rotation (Table II) . For 6°, the sensitivity was 1.00, the specificity was 0.97, the positive predictive value was 0.71, and the negative predictive value was 1.00; the 95% confidence intervals are given in Table II . For 11°, the sensitivity was 0.33, the specificity was 1.00, the positive predictive value was 1.00, and the negative predictive value was 0.95 (Table II) . A cutoff value of 6°identified all patients who developed C5 palsy but also was associated with a number of false-positive results. Meanwhile, a cutoff value of 11°identified only those who developed C5 palsy but was associated with a number of falsenegative results. Regarding reliability, the average intraobserver difference for rotation of the cord in the group of twenty randomly chosen patients was 0.03°, whereas the average interobserver difference was 0.04°. The standard deviation of the difference between the average first measurements and second measurements by Observer 1 was 0.09°, with a repeatability coefficient of 0.19 and an interobserver coefficient of variation of 9.12%. (A repeatability coefficient is an indicator of precision and represents the boundary with which the difference between two repeated test results may be expected to lie below, given a certain confidence.) Overall, there was no significant difference in the repeated measurements of Observer 1 (p = 0.98). The standard deviation of the difference between the average measurements of Observer 1 and Observer 2 was 0.08°, with a coefficient of variation of 9.04%. Overall, there was no significant difference in the interobserver measurements (p = 0.97).
Discussion
A nterior cervical decompression and arthrodesis is a procedure that allows the surgeon to decompress the cervical spine in a region of stenosis. It has been associated with good results when used for the treatment of compressive cervical myelopathy 4 . One complication that can adversely affect the outcome is the development of C5 nerve palsy. The purpose of the present study was to identify preoperative predictors of the development of postoperative C5 nerve palsy (specifically, rotation of the spinal cord). We grouped patients into three types, with Type 1 representing mild rotation (0°to 5°), Type 2 representing moderate rotation (6°to 10°), and Type 3 representing severe rotation ( ‡11°). The rates of C5 palsy for these groups were 0 of 159, eight of thirteen, and four of four, respectively. These results indicate that patients with greater degrees of spinal cord rotation and subsequent cord displacement were at greater risk of postoperative C5 nerve palsy.
We chose rotation of the cord as an important measurement to consider for two reasons. The first reason was that a previous study identified rotation as a marker for nerve tension as the major component in the development of C5 palsies 17 . The second reason was its ease of use and its reproducibility. The study by Imagama et al. 6 demonstrated that foraminal stenosis was a measurement with low interobserver and intraobserver reliability. We chose not to examine foraminal stenosis because it cannot be used to identify the ''at risk'' population. Imagama et al. 6 , however, did identify superior articular process hypertrophy as an important factor for the development of C5 palsies. We believed that measuring this hypertrophy was cumbersome and less practical in a clinical setting, it but appears to have the advantage of being reproducible, unlike quantifying stenosis through the neural foramen 6 . Preoperative rotation of the spinal cord appears to be an indicator of an increased risk of developing a C5 nerve palsy in association with anterior cervical spine surgery. Two valuable thresholds were identified in our analysis. A cutoff of 6°identified all patients who developed C5 palsy but also was associated with a number of false-positive results. Meanwhile, a cutoff of 11°identified only patients who developed C5 palsy but was associated with a number of false-negative results.
These findings should be interpreted with some caution. They are based on retrospective data and are exploratory in nature. Replication of these findings in prospective studies is important. As part of these future studies, the diagnostic efficiency of the present cutoffs should be measured again to confirm their accuracy, usability, and generalizability. Nonetheless, these findings are potentially important as they provide preliminary evidence that preoperative cord rotation may be a strong and significant predictor of C5 nerve palsy postoperatively. If future studies confirm this finding prospectively, modification of surgical procedures may be warranted. n 
